Little is known about the prevalence, diversity, evolutionary processes, genomic structures and population dynamics of viruses in the divergent geminivirus lineage known as the capulaviruses. We determined and analyzed full genome sequences of 13 Euphorbia caput-medusae latent virus (EcmLV) and 26 Alfalfa leaf curl virus (ALCV) isolates, and partial genome sequences of 23 EcmLV and 37 ALCV isolates. While EcmLV was asymptomatic in uncultivated southern African Euphorbia caput-medusae, severe alfalfa disease symptoms were associated with ALCV in southern France. The prevalence of both viruses exceeded 10% in their respective hosts. Besides using patterns of detectable negative selection to identify ORFs that are probably functionally expressed, we show that ALCV and EcmLV both display evidence of inter-species recombination and biologically functional genomic secondary structures. Finally, we show that whereas the EcmLV populations likely experience restricted geographical dispersion, ALCV is probably freely moving across the French Mediterranean region.
Introduction
Next Generation Sequencing and metagenomics-based study designs have impacted our appreciation of the prevalence, pervasiveness and diversity of environmental single stranded DNA (ssDNA) viruses (Candresse et al., 2014; Filloux et al., 2015b; Kraberger et al., 2015; Ng et al., 2014 Ng et al., , 2009 Ng et al., , 2011 Roossinck et al., 2015; . Among the best studied of these ssDNA viruses have been the plantinfecting viruses in the family Geminiviridae. The past four decades have seen the worldwide emergence of several major plant diseases caused by geminiviruses and also the discovery of hundreds of previously unknown, and sometimes highly divergent, geminiviral species (Bernardo et al., 2013; Briddon et al., 2010; Liang et al., 2015; Loconsole et al., Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/yviro 2012; Ma et al., 2015; Roumagnac et al., 2015; Varsani et al., 2009; Yazdi et al., 2008) . The rate at which new geminiviruses are being discovered has recently been accelerated through the development and application of sequence-non-specific virus discovery approaches (Roossinck et al., 2015; Rosario et al., 2012) such as rolling circle amplification (RCA) based virus cloning and sequencing (Haible et al., 2006; Inoue-Nagata et al., 2004; Shepherd et al., 2008) and VANA (virion-associated nucleic acids) or siRNA based metagenomics (Candresse et al., 2014; Filloux et al., 2015a; Kreuze et al., 2009) . In studies exploring the diversity of these viruses, such approaches have facilitated the expansion of sampling efforts to include both insects (both virus vectors and their predators) and uncultivated host species (Bernardo et al., 2013; Ng et al., 2011; Rosario et al., , 2015 . The application of these improved sampling and virus discovery strategies have revealed that geminivirus diversity exceeds that which is currently known (Haible et al., 2006; Ng et al., 2011; Schubert et al., 2007) . Such studies have also led to a reevaluation of the known geographical ranges of the different geminivirus genera with, for example, the overturning of the long-held view that members of the genus Mastrevirus do not occur in the Americas (Agindotan et al., 2015; Candresse et al., 2014; Kreuze et al., 2009) .
Since some of the geminiviruses discovered over the past few years are highly divergent, and, in some cases, have unique genome architectures (Briddon et al., 2010; Loconsole et al., 2012; Varsani et al., 2009; Yazdi et al., 2008) , three new geminivirus genera were created and approved in 2014 (Becurtovirus, Turncurtovirus, and Eragrovirus; Varsani et al., 2014b) and at least three others are likely to follow (Bernardo et al., 2013; Krenz et al., 2012; Loconsole et al., 2012) ; among which are the capulaviruses (Bernardo et al., 2013) . Three distinct species of this new lineage were discovered between 2010 and 2011 infecting, respectively, a wild spurge, Euphorbia caput-medusae in South Africa (Euphorbia caput-medusae latent virus, EcmLV; Bernardo et al., 2013) , alfalfa (Medicago sativa) in France (Alfalfa leaf curl virus, ALCV; Roumagnac et al., 2015) , and French bean (Phaseolus vulgaris) in India (French bean severe leaf curl virus, FbSLCV; Accession number NC_018453). In addition to their high degree of sequence divergence, these viruses also exhibit a genome organization that is unique among the geminiviruses (Bernardo et al., 2013; Roumagnac et al., 2015) . ALCV and FbSLCV cause severe symptoms in alfalfa and French bean, respectively, and it has recently been shown that ALCV is transmitted by Aphis craccivora ; an invasive aphid species with an almost global distribution (CIE, 1983) .
We here collected hundreds of alfalfa and E. caput-medusae plants from France and South Africa, respectively, and comparatively analyze the genome sequences of 13 isolates of EcmLV and 26 ALCV along with that of FbSLCV. We show that both EcmLV and ALCV have high prevalence (12-13%) in their respective host species in the Western Cape region of South Africa and in three Southern regions of France. We also present a new codon-model based natural selection detection approach to reveal open reading frames that are probably functionally expressed in capulaviruses genomes. We further demonstrate that, as with other geminiviruses, capulavirus genomes display evidence of both inter-species recombination and biologically functional secondary structures.
Materials and methods

Plant sampling
In 2014, 238 M. sativa plants were randomly collected (i.e. irrespective of the presence of potential symptoms) from three regions of Southern France, including the Rhône delta (seven sampling locations), the Montpellier region (four sampling locations) and the Toulouse region (two sampling locations; Supplementary Fig. 1 ). The symptom status of the 238 plants was assessed and plants were then stored at À 80°C prior to virus detection and characterization. A further 43 symptomatic and 15 asymptomatic M. sativa plants were collected later in 2014 from the same three areas (Supplementary Fig. 1 ). An additional four symptomatic alfalfa plants collected in 2012 and 2013 from the Ebro valley region of the Zaragoza province of Spain were also included for further analysis. Collectively, 300 alfalfa plants were obtained from France and Spain between 2012 and 2014.
In 2012, 302 asymptomatic Euphorbia caput-medusae were randomly collected from seven separate locations within the Western Cape region of South Africa (Supplementary Fig. 1 ). These samples were stored at À 80°C. In 2015, 14 additional samples were collected from an eighth location at the University of the Western Cape Nature Reserve (Supplementary Fig. 1 ).
DNA extraction, amplification, cloning and sequencing
Total DNA from alfalfa and E. caput-medusae plant samples was extracted as previously described by Bernardo et al. (2013) .
PCR-mediated detection of ALCV from the 296 alfalfa plants collected in France, and four plants from Spain was performed using two pairs of PCR primers (ALCV-187F forward primer 5'-TGG AAT ATT GTG CTG CTT GG-3' and ALCV-971R reverse primer 5'-ATT TTG GGA CTT GTG CTC CA-3'; and ALCV-986F forward primer 5'-ATG ATG GAT AAT TCA AAC CC-3' and ALCV-1202R reverse primer 5'-TTC TTC TGG GTA TTT GCA TA-3'). Amplification conditions consisted of 94°C for 2 min; 30 cycles at 94°C for 1 min, 58°C for 1 min (primer pair 1)/55°C for 30 s (primer pair 2), 72°C for 50 s; and 72°C for 5 min. Amplicons were directly sequenced using automated Sanger sequencing (Beckman Coulter Genomics). Circular DNA molecules from samples that tested positive by at least one of the two PCR assays were enriched using RCA (using TempliPhi™, GE Healthcare, USA) as previously described (Shepherd et al., 2008) . The RCA products were used as a template for PCR using an abutting pair of primers designed from the 44-1E ALCV complete genome (Accession number KP732474; Roumagnac et al., 2015) ; Cap-ncoIF: 5'-CCA TGG CCT TCA AAG GTA GCC CAA TTC AAY ATG G-3' and Cap-ncoIR: 5'-CCA TGG GGC CTT ATY CCT CKG YGA TCG-3' using KAPA HiFi Hotstart DNA polymerase (Kapa Biosystems, USA). Amplification conditions consisted of: 96°C for 3 min, 25 cycles at 98°C for 20 s, 60°C for 30 s, 72°C for 165 s, and 72°C for 3 min. The amplicons were gel purified, cloned into pJET2.1 (Thermo Fisher, USA) and Sanger sequenced by primer walking at Macrogen Inc. (Korea). In addition, RCA products were digested with EcoRI, BamHI, DraI, NcoI or NdeI for 3 h at 37°C in order to screen for the presence of a potential DNA-B geminiviral component or satellite sequences.
PCR-mediated detection of EcmLV from the 316 E. caput-medusae plants was performed using two pairs of PCR primers: (i) Dar-136F forward primer 5'-CGA AGA GGT CAT TGG GAC AT-3' and Dar-730R reverse primer 5'-CGG GTC TGG CTA AGA GAG TG-3' as previously described by Bernardo et al. (2013) and (ii) Dar-1775F forward primer 5'-TTG AAT TGC ATG GGC ACT TA-3' and Dar-2433R reverse primer 5'-GCC CTT TTG GTC ATT TTG AA-3'. Amplification conditions consisted of: 95°C for 5 min; 30 cycles at 94°C for 1 min, 56°C for 1 min, 72°C for 50 s; and 72°C for 5 min. Circular DNA molecules from samples that tested positive by at least one of the two PCR assays was enriched using RCA as described above for alfalfa. RCA products were all digested with EcoRI for 3 h at 37°C. Subsequently, samples that could not be cleaved using EcoRI were digested with BamHI for 3 h at 37°C. Geminivirus-like genomes from 13 E. caputmedusae samples were cloned in pGEM-T Easy (Promega Biotech) using methods described by Bernardo et al. (2013) .
Prevalence was defined as the proportion of alfalfa or E. caputmedusae plants being infected by ALCV or EcmLV from the alfalfa or E. caput-medusae populations that were randomly collected in France or South Africa, respectively.
Sequence analysis
Sequence contigs were assembled using BioNumerics Applied Maths V6.5 (Applied. Maths, Ghent, Belgium) and were compared to sequences in the GenBank database using BLASTn and BLASTx (Altschul et al., 1990) . All pairwise identity analyses of the full genome nucleotide sequences, capsid protein (CP) amino acid sequences, and replication associated protein (Rep) amino acid sequences were carried out using the MUSCLE-based pairwise alignment (Edgar, 2004) option implemented in SDT v1.2 (Muhire et al., 2014b) .
Detection of conserved secondary-structural elements within capulavirus genomes
The computer program Nucleic Acid Secondary Structure Predictor (NASP) (Semegni et al., 2011 ) was used as previously described (Muhire et al., 2014a) to identify the conserved secondary-structural elements present within 45 capulavirus genomes (EcmLV, n¼16; ALCV, n¼ 27; FbSLCV, n¼ 2). In each of the data sets, secondarystructural elements were first inferred using a minimum free-energy (MFE) approach implemented in hybrid-ssmin (a component of the UNAFold package; (Markham and Zuker, 2008) . From amongst sets of plausible whole genome secondary structures (approximately $ 10 alternative folds per genome) NASP identified subsets of conserved high-confidence structural elements -referred to as high-confidence structure sets (HCSSs). For the NASP analysis, sequences were folded as circular ssDNA at 25°C under 1 M sodium. In subsequent analyses, only nucleotides identified as being base-paired within the HCSSs were treated as paired sites, whereas all other nucleotides were treated as unpaired sites. The ALCV and EcmLV datasets contained enough sequences that were sufficiently divergent to test for evidence of evolutionary pressures favoring the maintenance of basepairing interactions within the HCSSs (Muhire et al., 2014a) . Three different tests, all designed to test whether sequences were evolving in a way consistent with the evolutionary preservation of biologically functional structural elements, were applied exactly as recently described (Muhire et al., 2014a) . First, at the whole-genome-scale an allele frequency spectrum permutation test (Fu and Li, 1993; Tajima, 1989) , which compares frequencies of alternative alleles at paired vs unpaired sites, was used to compare degrees of negative selection (selection disfavoring change) at paired vs unpaired sites. Second, within the CP and Rep gene coding regions, a Maximum Likelihood codon-model based test (based on the FUBAR method (Murrell et al., 2013) implemented in HyPhy (Pond et al., 2005 ) was used to compare synonymous substitution rates in codons containing paired and unpaired third codon position nucleotides. Third, the complementary coevolution detection method (Muhire et al., 2014a ) (based on the SPIDERMONKEY method (Poon et al., 2008) , also implemented in HyPhy) was used to test whether pairs of nucleotides that were basepaired within the HCSSs also displayed any evidence of complementary coevolution (i.e. coevolution specifically favoring the maintenance of base-pairing). Structures were visualized and, based on the various analyses performed, ranked in order of their likely biological functionality using the computer program, DOOSS (http:// dooss.computingforbiology.org; Golden and Martin, 2013) .
Identification of open reading frames (ORFs) and capulavirus genome organizations
Identification of open reading frames (ORFs) was initially performed using the ORF Finder ncbi graphical analysis tool (http:// www.ncbi.nlm.nih.gov/gorf/gorf.html). In addition, we devised a computational tool, named "ORFunc" that detects all ORFs above a user defined length that are both conserved within a multiple sequence alignment (in this case an alignment of all available capulavirus sequences) and are evolving under a detectable degree of purifying selection (i.e. selection that disfavoring non-synonymous substitutions). ORFunc ranks ORF in order of their likely functional expression based on the degree of detected purifying selection against changes in the potentially encoded amino acid sequence. Specifically, given a multiple sequence alignment in FASTA format, ORFunc performs a preliminary scan of the alignment to generate a list of unique ORFs sharing greater than a predetermined pairwise sequence identity (in the present analyses 0.80 to ensure the sequences within each of the resulting sub-alignments were credibly aligned) and above a given sequence length (in the present analyses 100nt; a size slightly below that of any currently known geminivirus gene). A local BLAST search (Altschul et al., 1990 ) is performed using the command-line version of NCBI-BLAST (available from ftp://ftp.ncbi.nlm.nih.gov/blast/ executables/blastþ/) whereby each ORF is used as a query to search a local BLAST database produced from the input alignment so as to obtain matches for other sequences: matches that are then used to produce a codon alignment. For each codon alignment thus produced, synonymous substitution rates (dS), non-synonymous substitution rates (dN) and the probability of negative selection (dS4dN) at each codon site are estimated using the FUBAR method (Murrell et al., 2013) . This approach enabled the determination of whether inferred ORFs within the various EcmLV and ALCV genomes were evolving under negative selection (identified by their constituent codons on average displaying significantly higher synonymous substitution rates than non-synonymous substitution rates). ORF-wide probabilities of negative selection are then estimated by combining the p-values of non-negative selection at each individual codon-site (Theiler and Bloch, 1996) . To test the reliability of this approach, two geminivirus datasets for which genes have already been well-characterized (Tomato yellow leaf curl virus [TYLCV] and Maize streak virus [MSV]; Dry et al., 1993; Lazarowitz et al., 1989) were used as controls. ORFunc is written in python and is available from: web.cbio.uct.ac.za/ $ brejnev/downloads/ORFunc.tar.gz
Analysis of potential recombination events
Evidence of potential recombination events was detected within the 45 capulavirus full-genome alignment using the RDP, GENE-CONV, BOOTSCAN, MAXIMUM CHI SQUARE, CHIMAERA, SISCAN and 3SEQ recombination detection methods that are implemented in RDP4.50 with default settings . Only recombination events detected with three or more distinct groups of methods (where RDP and GENECONV were each considered as distinct methods and BOOTSCAN/SISCAN and MAXIMUM CHI SQUARE/CHIMAERA/3SEQ were considered as single distinct method groups) and that also had significant phylogenetic support, were considered credible evidence of recombination.
Phylogenetic analysis
The evolutionary relationships of capulaviruses and other geminiviruses were reconstructed using Rep and CP amino acid sequences (i.e. the only proteins that are clearly homologous across all geminiviruses). Datasets consisting of 45 predicted capulavirus Rep and CP amino acid sequences together with the corresponding homologous sequences from Grapevine cabernet franc-associated virus (GCFaV, JQ901105; Krenz et al., 2012) chosen as a divergent non-capulavirus outlier used to root the Rep and CP phylogenies. Predicted Rep and CP amino acid sequences were aligned using MUSCLE. Maximum likelihood phylogenetic trees of the Rep and CP were inferred using PhyML3 (Guindon et al., 2009 ) implemented in MEGA with the rtREVþGþF amino acid substitution model chosen as the best-fit using ProtTest (Abascal et al., 2005) . Five hundred bootstrap replicates were used to test the support of branches. In addition, 64 ALCV gene fragments (ALCV 44-1 genomic positions 260-806) 547 nt in length encompassing the V3 ORF and part of the cp ORF were aligned using the MUSCLE method (Edgar, 2004) implemented in MEGA (with default settings). A maximum likelihood phylogenetic tree was constructed using PhyML3 with a K2þ Gþ I nucleotide substitution model (selected as best fit by MEGA) and 500 bootstrap replicates were used to test the support of branches. Finally, all 45 currently available whole capulaviruses genome sequences were aligned using MUSCLE. A maximum likelihood phylogenetic tree was constructed using PhyML3 with a TN93þG nucleotide substitution model (selected as best fit by MEGA) with 500 bootstrap replicates used to test the support of branches.
Statistical analyses
Mantel (1967) tests conducted using XLSTAT (10.000 permutations) were used to test for evidence of correlation between genetic and geographic distances for 39 Â 508 nt long EcmLV gene fragments (EcmLV-Dar10 genomic positions 1877-2384) encompassing the C3 ORF and part of the C1 ORF and for 41 Â 547 nt long ALCV gene fragments (ALCV 44-1 genomic positions 260-806) encompassing the V3 ORF and part of the cp ORF. Samples collected at the regional scale (Southern regions of France for ALCV and Western Cape region for EcmLV) were used ( Supplementary Fig. 1 ). The genetic distance matrix was obtained using MEGA 5.2.1 (CLUSTALW alignment followed by uncorrected pairwise distance estimation using the pairwise deletion option) and the geographic distance matrix was obtained using the program Geographic Distance Matrix Simulator 1.2.3 (http://biodiversityinformatics.amnh.org/open_source/gdmg).
Results and discussion
Characterization of a collection of ALCV isolates from France
Based on the discovery of ALCV in 2010 , broad sampling surveys in three regions of Southern France and in one region of Spain were conducted during 2012-2014 (Supplementary Fig. 1 ). PCR analysis of the collected samples revealed that ALCV was present in all four regions. Because the virus was detected in 32/238 plants that were randomly collected in France the percentage of infected plants (13.4%) is likely a valid estimate of the prevalence of ALCV in alfalfa across the three French regions (Supplementary Fig. 1 ). The prevalence of ALCV at each of the thirteen French sampling sites ranged from 1.2% (La Tour du Valat, Rhône delta region) to 45.8% (Petit Bastières, Rhône delta region).
Visual comparisons of the 32 ALCV-positive plants with plants that tested negative revealed that, relative to non-infected plants, all ALCVinfected plants were stunted and consistently displayed varying degrees of leaf curling, crumpling and shriveling ( Supplementary  Fig. 2 ). These potential symptoms unequivocally resemble those observed in alfalfa plants infected by aphid-inoculation with the 44-1E infectious clone of ALCV . It is noteworthy that enations such as those observed in 44-1E agroinoculated faba beans were neither observed in the sampled plants, nor in 44-1E aphid-inoculated alfalfa plants . Based on the presence or absence of these conspicuous symptoms, an additional 43 symptomatic and 15 asymptomatic plants were collected later in 2014 from the three previously sampled regions of Southern France (Supplementary Fig. 1) . A diagnostic PCR detected ALCV in 39/43 of the symptomatic plants but in none of the asymptomatic plants, suggesting that the symptoms observed in the field are likely caused by ALCV infection.
Twenty-six ALCV complete genome sequences were obtained that ranged in size from 2737 nt to 2769 nt in length and shared 482.5% genome-wide pairwise identity (Supplementary Fig. 3 ). This degree of similarity is above the species demarcation thresholds recommended for all of the geminivirus genera (Muhire et al., 2013; Varsani et al., 2014a Varsani et al., , 2014b except for the begomoviruses (which have a species demarcation threshold of 91% (Brown et al., 2015) showing that the 26 isolates from which these genomic sequences were obtained could be reasonably, albeit tentatively, classified as ALCV variants. The circular DNA molecules obtained using RCA were tentatively considered to be the complete genomes of geminiviruses infecting the alfalfa plants, because only one band was resolved by electrophoresis of the digested RCA products.
Characterization of a collection of EcmLV isolates from South Africa
In order to both assess the diversity of EcmLV genome sequences, and determine the prevalence of EcmLV within the Western Cape province of South Africa, 316 asymptomatic E. caput medusae plants from eight dispersed locations were sampled in this region (Supplementary Fig. 1 ). Using a diagnostic PCR, EcmLV was detected in 38/316 plants sampled in 5/8 of the sampling locations. This indicates an overall EcmLV prevalence of 12% at the Western Cape regional scale: a prevalence very similar to that of 13.4% found for ACLV in alfalfa in Southern France. The local prevalence of EcmLV ranged from 5% (at the Silver Stream sampling site) to 30% (at the Paternoster site).
The 13 EcmLV complete genome sequences that were obtained together with three full genomes previously described (Bernardo et al., 2013) had pairwise identities ranging between 92.8 and 99.7% ( Supplementary Fig. 3 ), confirming that all isolates belong to the same species (Bernardo et al., 2013) . As for ALCV, the circular DNA molecules obtained using RCA were tentatively considered to be the complete genomes of geminiviruses infecting the E. caputmedusae plants, because only one band was resolved by electrophoresis of the digested RCA products.
Characterization of capulavirus genome organizations
ORFunc was used to identify the potential functional genes of EcmlV and ALCV, with the well-known geminiviruses Maize streak virus (MSV) and Tomato yellow leaf curl virus (TYLCV) being used as controls for the validation of this new tool. ORFunc is designed to detect and rank ORFs in order of the likelihood of their functional expression based on overall evidence of negative selection detected across all of their constituent codon sites. It is expected that the majority of functional ORFs should be evolving under some degree of negative selection favoring the maintenance of functionally important amino acid sequences. By implementing such a selection-based approach, ORFunc goes beyond simply annotating genomic fragments delimited by start and stop codons. As a proofof-concept, ORFunc consistently identified significant degrees of negative selection across all four known functional genes of MSV ( Fig. 1 and Supplementary Dataset 1) and the rep (C1), transcription activator protein (C2), replication enhancer protein (C3) and coat protein (V1) genes of TYLCV ( Fig. 1 and Supplementary Dataset 1) . ORFunc did not identify any potentially functional genes other than those illustrated in Fig. 1 . In addition, the failure to obtain statistically significant evidence of negative selection in the V2 and C4 ORFs in TYLCV should not be equated with the absence of negative selection in these ORFs. The C4 gene is completely contained within the rep gene, which means that very few possible substitutions in this ORF would be synonymous (i.e. almost all possible substitutions that would not change the encoded amino acid sequence encoded by C4 would change the amino acid sequence of Rep and would, therefore, not be synonymous). In the case of V2 whereas 10/134 individual codon sites are apparently evolving under a significant degree of negative selection (with a p-value cutoff of 0.1), 1/ 134 codon sites are apparently evolving under a significant degree of positive selection. Most importantly, however, ORFunc yielded no false-positive evidence of functionally expressed ORFs in MSV and TYLCV ( Fig. 1 and Supplementary Dataset 1) .
Of the seven large ORFs identified by the ncbi ORF Finder graphical analysis tool that are apparently conserved between the various capulavirus genomes (V1-V4 and C1-C3; Fig. 1 ), three (V1, C1 and C3), five (V1, V3, V4, C1 and C2) and five (V1, V3, C1, C2 and C3) were detectably evolving under significant ORF-wide negative selection (associated p-value o0.05) in ALCV strain A (see below regarding ALCV strain A and B demarcation), ALCV strain B, and EcmLV, respectively ( Fig. 1 and Supplementary Dataset 1) . The V2 ORF did not display significant ORF-wide evidence of negative selection in any of the three groups, suggesting that this ORF might not be functionally expressed. It should be noted, however, that absence of a significant negative selection signal is not proof that this ORF is not functionally expressed. Bigger and more Fig. 1 . Genomic organization of ALCV strain A, ALCV strain B, EcmLV, MSV and TYLCV showing the arrangements of potential genes. Open reading frames (ORFs) larger than 100 nucleotides that contain predicted codon sites that are collectively evolving under significant degrees of negative selection (i.e. for which ORF-wide estimates of synonymous substitution rates are significantly higher than non-synonymous substitution rate estimates) are indicated in pink (*¼ p-value o 0.05, ** ¼p-value o 0.01, and ***¼ p-value o 0.001; see Supplementary Dataset 1). ORFs containing predicted codons that are not evolving under significant degrees of negative selection (p 40.05) are indicated in blue (with the associated p-value for the synonymous substitution rate being lower than or equal to the non-synonymous rate indicated in brackets; see Supplementary Dataset 1).
Fig. 2. (A)
Secondary structures associated with the 5' end of capulavirus C2 ORFs. The similarities between these structures include homologous stem-loop sequences (highlighted in yellow), and a highly conserved sequence motif found in the ALCV, EcmLV and FbSLCV data sets (highlighted in blue). This structure is ranked highly within the high confidence structure sets of all data sets (seventh out of 44 for EcmLV, second out of 76 for ALCV and fourth out of 31 for FbSLCV). Nucleotide sequence variability at each nucleotide site is reflected by a sequence logo at each position. For the ALCV and EcmLV structures substitution rate estimates are represented by the color of nucleotide triplets falling within individual predicted codon sites (ranging from blue to green). Low synonymous substitution rates are observable in the stem region, which is consistent with a high degree of evolutionary conservation of the nucleotides comprising these codons. Nucleotides falling outside of the gene or for which synonymous substitution rates could not be estimated due to too few sequences being available for analysis (as in the FbSLCV), are shaded gray. (B) Capulavirus secondary structure predicted in the long intergenic region (LIR). The AT-rich stem-loop structure, with a 12 nt conserved sequence (highlighted in pink), is highly ranked in all of the analyzed capulavirus datasets (first out of 76 HCSS structures for ALCV, second out of 44 in EcmLV and 17th out of 31 for FbSLCV). In the case of ALCV and EcmLV, base-paired sites displaying significant degrees of complementary coevolution (P value o0.05) are indicated by the red lines between the nucleotides in the stem region of each structure. It is plausible that this highly conserved structural element either contains the complementary strand origin of replication or is involved in the regulation of virion and/or complementary gene expression. diverse capulavirus genomic sequence datasets will substantially increase the power of ORFunc to detect low degrees of negative selection within this ORF: possibly to the point where it is able to confirm the functional expression of V2.
Detection of conserved secondary-structural elements within capulavirus genomes
Recent computational analyses of geminiviruses in the genera Mastrevirus and Begomovirus have revealed evidence of evolutionarily conserved (and hence likely biologically functional) genomic secondary structures (Muhire et al., 2014a) . Using NASP, we identified 76, 44, and 31 high-confidence structural elements within the ALCV, EcmLV, and FbSLCV genome datasets, respectively.
Besides a conserved stem-loop structure at the presumed virion-strand origin of replication that resembles those found in other geminiviruses (Lazarowitz, 1992) , a further 12 uncharacterized but potentially biologically functional genomic and/or mRNA structural elements that are clearly conserved across all three of the analyzed capulavirus species were identified. Amongst these are two particularly interesting uncharacterized structural elements that display high degrees of evolutionary conservation across both the capulaviruses and geminiviruses in other genera (Fig. 2) . The first of these structural elements, which is highly ranked within the HCSSs of all three capulavirus species, is a conserved hairpin-loop structure with a 10-20 nt long stem within the C2 ORF (Fig. 2) . This structure is possibly homologous to a similarly situated secondary structure previously identified using these same computational methods at the 5' end of MSV C2 ORF.
The second particularly conserved new structural element identified is another hairpin located within the long intergenic region (LIR) of all the analyzed capulavirus species. It contains an A-T rich sequence (Fig. 2) and resembles a structure previously identified in two different mastrevirus species (MSV and Panicum streak virus). In diverse ssDNA viruses, virion strand origins of replication (v-oris) consist of hairpin structures with highly conserved AT-rich loop sequences that generally occur within intergenic regions (IRs). It is plausible that this second conserved structural element may be either associated with the as yet undiscovered capulavirus complementary strand origin of replication (which in begomoviruses is close to the v-ori), or to the regulation of transcription and replication (both of which are known to be regulated by sequence elements within the IRs of various other geminiviruses; Arguello-Astorga et al., 1994; Gutierrez et al., 2004) .
It is noteworthy that these analyses also identified what appears to be a repeated 8 bp sequence (with the consensus 5'-AGGCCCAA-3') within the stem regions of multiple structural elements within the HCSSs identified in the various capulavirus datasets. The consensus of the repeated sequence is almost identical to functional sequence motifs previously detected in three other settings. Specifically, it bears a striking resemblance to (i) the 3' ends (3'-AGGCCCA-5') of predicted viral miRNA hairpins (Li et al., 2008) ; (ii) a regulatory promoter heptamer element involved in the development of plant tissues (5'-AGGCCCA-3') (Obayashi et al., 2007) , and (iii) a 7 bp sequence motif (5'-AGGCCCA-3') located upstream of ribosomal protein transcription initiation sites in Arabidopsis thaliana (Thompson et al., 1992) . It is plausible therefore, that many of the secondary structures identified in these capulavirus genomes (Supplementary Dataset 2) may play a role in modulating the sensitivity of capulavirus genomes to RNA interference (Schubert et al., 2005) .
Although their high degree of interspecific evolutionary conservation suggests that the highest ranked of the structural elements identified within the various capulavirus HCCSs are indeed biologically functional, we also tested whether evidence of this biological functionality was apparent within the patterns of nucleotide substitution that the EcmLV and ALCV genomes have undergone (the two capulavirus species with sufficient available data to perform these analyses). Towards this end, the ALCV and EcmLV genomes were partitioned into "paired" and "unpaired" site sets and, focusing only on variable sites (invariant sites were removed), the frequency spectra of the "minor alleles" (i.e. those present at the lowest frequencies within the sampled viruses) were compared at these sites within the paired and unpaired genome partitions. This revealed that while minor allele frequencies were lower at paired sites in both the ALCV and EcmLV genomes (a finding consistent with stronger negative selection acting on paired sites than on unpaired sites), the difference was statistically significant only for EcmLV (permutation test p-value¼0.01, Fu and Li's F test; Supplementary Table 1) . Also consistent with the hypothesis that paired sites are evolving under stronger negative selection than unpaired sites was the detection within both the ALCV and EcmLV Rep and CP coding regions of significantly reduced synonymous substitution rates in codons, which have base-paired third-position nucleotides (respective multiple comparison-corrected Mann-Whitney U test p-values¼0.013 and 0.032 for ALCV and 0.0005 and 0.0235 for EcmLV; Supplementary Table 2 ). Furthermore, within the EcmLV dataset a very strong association between nucleotide sites that are complementary coevolving and nucleotide sites that are base-paired (Chi squared pvalue¼ 0.0001096) was detected (Supplementary Table 3) .
Collectively, these results provide evidence that many of the detected structural elements within the EcmLV and ALCV genomes are likely being actively preserved by natural selection, and, in the case of EcmLV at least, that there is substantial evolutionary pressure for the maintenance of specific biologically important base-pairing interactions. Further experimental assays should of course be carried out both to test whether these predicted functional secondary structural elements are indeed functional, and, if they are, to determine the precise aspects of capulavirus biology that they impact.
Phylogenetic and recombination analyses
Both CP and Rep phylogenetic trees indicate that the new ALCV and EcmLV isolates cluster with the other described capulaviruses isolates (Fig. 3) .
Whereas the EcmLV Rep sequences all cluster within a single group of variants sharing 492.8% genome-wide nucleotide sequence identity (Fig. 3) , ALCV Rep sequences cluster within two distinct groups (tentatively referred to here as strain A and strain B), with the isolates in each group differing at $17.5% of sites relative to those in the other group (Supplementary Fig. 3 ). Strain A isolates are slightly over-represented among the 64 ALCV isolates for which a 547 nt long fragment encompassing the V3 ORF and part of the cp ORF was sequenced (37/64; 58%). Whereas ALCV strain A isolates were found at 11/14 of the sampling sites (including the Spanish one; Supplementary Fig. 4 ), strain B isolates were only found at 8/14 of the sampling sites (including the Spanish one; Supplementary Fig. 4 ).
Efforts were made to detect and characterize recombination events that could have occurred among the current dataset of 45 capulavirus full genomes. Fourteen apparently unique recombination events were detected, including one event in the EcmLV genomes and 13 in the ALCV genomes (Table 1, Supplementary Table 4 and Fig. 4) . Interestingly, all of the examined ALCV and EcmLV isolates display traces of recombination events, with ALCV isolates displaying, on average, evidence of 2.7 events (Supplementary Table 4) .
Three out of the 13 ALCV recombination events apparently involved exchanges of sequences between ALCV variants (events 2, 7 and 14) whereas the other detected events (10 in ALCV and one in EcmLV), apparently involved inter-species sequence transfers (events 1, 3 to 6 and 8-13; Table 1 and Fig. 4) . Interestingly, these inter-species sequence transfers all appear to have involved at least one parent that is related to a currently known capulavirus Branches associated with a filled dot have bootstrap supports above 85% whereas those with an unfilled dot have bootstrap supports above 50%. The maximum-likelihood phylogenetic trees (A) and (B) are rooted with the Grapevine cabernet franc-associated virus (GCFaV, AHL69795) Rep and (GCFaV, AFI71938) CP, respectively. . Maximum-likelihood phylogenetic tree depicting the relatedness of the non-recombinant genomic regions of 45 isolates of the three capulavirus species. The fourteen unique recombination events detected within these sequences are presented to the right of the tree. Green and purple colors indicate genome regions that have likely been acquired by intra-and inter-species sequence transfers. Recombination events are numbered according to Table 1 . Branches associated with a filled dot have bootstrap supports above 90% whereas those with an unfilled dot have bootstrap supports above 70%. All branches with less than 50% bootstrap support have been collapsed.
(i.e. EcmLV, FbSLCV or ALCV; Table 1 ) and another involving either an undescribed capulavirus species, or even perhaps a virus from an undescribed geminivirus genus. Events 9 and 11 are respectively shared by all ALCV and EcmLV isolates (Supplementary Table 4) , which indicates that these two events predate the most recent common ancestors of the analyzed ALCVs and EcmLVs and are, therefore, more ancient than the rest of the identified events. In addition, inter-species recombination event 1 and inter-ALCV strain recombination event 7 may account for the clear divergence of the ALCV-A and -B strains from one another.
Comparisons between the spatial distribution and genetic diversity of ALCV and EcmLV
Mantel tests were used to determine whether there was any correlation between the genetic and geographical distances of the sampled isolates. For ALCV, no significant correlation was observed between geographic distance and genetic distance for the fragment encompassing the V3 ORF and part of the cp ORF (Mantel R correlation scores of À0.034 with an associated p-value ¼ 0.230; Supplementary Fig. 5 ). This result suggests free movement of ALCV across the French Mediterranean region.
It is interesting that symptoms in alfalfa plants that resemble in some respect those described here (including plant stunting and leaf curling, crumpling and shriveling) have been described throughout the Mediterranean basin (France, Bulgaria, Romania, Spain and Saudi Arabia) from the late 1950s to the 1980s (Alliot et al., 1972; Blattný, 1959; Cook and Wilton, 1984; Leclant et al., 1973; Rodriguez Sardiña and Novales Lafarga, 1973) and, more recently, in Argentina (Bejerman et al., 2011) . However, enations, which were associated with alfalfa leaf curling in these reports, have not been observed in ALCV infected plants either in the field or the laboratory. Attempts to identify viral particles by electron microscopy in some of the earliest reports revealed that the tissues within enations contained bullet-shaped, rhabdovirus-like particles with the viral species producing these particles being tentatively named Lucerne enation virus (LEV) (Alliot et al., 1972; Rodriguez Sardiña and Novales Lafarga, 1973) . Additional experiments indicated that both grafting and A. craccivora (but not Acyrthosiphon pisum) transmission could successfully spread LEV symptoms between alfalfa plants. On the other hand, mechanical and leafhopper (Calligypona pellucida F.) transmission failed (Alliot et al., 1972; Blattný, 1959; Leclant et al., 1973; Rodriguez Sardiña and Novales Lafarga, 1973) . It was therefore concluded that LEV was a circulatively transmitted virus within the family Rhabdoviridae (Alliot et al., 1972) . However, because differences in the types of symptoms observed depended on the mode of transmission, Rodriguez Sardiña and Novales Lafarga (1973) hypothesized that another virus might frequently be present in co-infection with LEV (Rodriguez Sardiña and Novales Lafarga, 1973) . To test if, apart from Alfalfa mosaic virus, which is ubiquitous in alfalfa, another virus could be present in co-infections, we examined four rhabdovirus-infected alfalfa plants collected from Spain and discovered that all of them were indeed co-infected with ALCV. Besides indicating that the geographical range of ALCV extends beyond the borders of France, this result is consistent with the hypothesis of Sardiña and Lafarga: i.e. that the disease attributed to LEV in the 1970s could potentially be caused by a complex of two or more viruses, one of which we now know is likely to be ALCV. This hypothesis will need to be further tested by examining further symptomatic alfalfa plants from around the Mediterranean basin.
For EcmLV, geographic distances between sampling locations were significantly correlated with genetic distances between the rep gene fragments of the viral isolates (Mantel r correlation score¼0.142, p-value¼0.002; Supplementary Fig. 5 ). This indicates that a degree of differentiation exists between EcmLV populations at a sub-regional scale within the Western Cape, which in turn suggests that there are likely restrictions on the free movement of EcmLV across the region.
The observed differences between the spatial distribution and genetic diversity of ALCV and EcmLV might reflect general differences between viruses that infect cultivated and non-cultivated hosts. Relative to viruses such as ALCV that infect cultivated hosts, the population genetic structures of viruses such as EcmLV that preferentially infect uncultivated hosts are likely to be impacted by a more complex combination of biotic parameters. Variable distributions and population densities of suitable host plants within natural environments can influence the probability that viruliferous insect vectors will successfully transmit viruses to an appropriate host (Keesing et al., 2006) . Also, the variable life-spans of host plants, the possibility of long-term vertical transmission chains when hosts are vegetatively propagated, and the potential for sporadic vector transmission will all contribute to the selection processes that ultimately shape the population genetic structure of viruses that are adapted to infecting uncultivated species such as E. caput-medusae. It is entirely plausible, however, that, as with ALCV, EcmLV is also transmitted by A. craccivora (which is polyphagous, very widely distributed and has even been repeatedly observed on E. caput-medusae; Supplementary  Fig. 6 ), further studies are needed to test this hypothesis.
GenBank accession numbers
Full genomes of: Alfalfa leaf curl virus (KT214350-KT214375); Euphorbia caput-medusae latent virus (KT214376-KT214388). V3 ORF and part of the cp ORF of Alfalfa leaf curl virus (KT214391-KT214427). C3 ORF and part of the C1 ORF of Euphorbia caputmedusae latent virus (KT964062-KT964084).
